We systematically explore the electronic and transport properties of Graphene-CrBr3 heterolayer based on ab initio density functional theory simulations. Our result shows the modulation in electronic band gap with applied electric field variation from -0.5 to +0.5 V/Å. The electric field variation marked linear and non-linear trend for band gap modulation due to polarization effects between the two layers. It is found that the transmission at the interface is spin polarized upto 71.2% and the magnetic moment is found to be invariant. Moreover, complex band structure and transmission spectrum reveals the possibilities of spin-transmission in Graphene-CrBr3 heterostructure via magnetic proximity effect. The merits of electric field tunability and magnetic proximity effect in this 2D layered ferromagnetic semiconductor heterostructure will be beneficial to extend its suitability in spintronics device applications.
Magnetic proximity effect [1] is one of the most essential interfacial phenomena which gives an idea to model 2D magnetic heterostructure.
Generally, proximity effects refer to the induction of an ordered state of magnetism in one layer that has an impact on another layer [2, 3] . When two different materials are brought into close vicinity, the impact of proximity effect results in the improvement of their properties and leading to variation of interfacial exchange coupling across the interface [4] . Recently, magnetic proximity effect has been studied via exchange coupling between non-magnet and magnetic substrates [5] , non-magnetic bilayer systems [6] . In these cases, it is a challenging task to establish long-range magnetic ordering [7] and the magnetic moment induced from the substrate via proximity effect in non-magnetic material has limited effect in charge and spin-based transport properties [8] . Therefore, proximitized heterostructures in quantum regime exhibit novel properties superior than any constituents which remains an open area to overcome the limitations in spin-based device applications.
Along with magnetic proximity effect, the van der Waals (vdW) heterostructures are quite flexible with incorporation of extrinsic perturbation like strain [9] , electric-field [10, 11] magnetic-field [12] for its feasibility in device engineering. Graphene based heterostructures have been explored in transistor applications [13] via effective gate tuning [14] and ballistic transport in ambient condition [15] . The electronic structure properties can be controlled via external effects in vdW heterostructure system [16] . In graphene-Cobalt based heterosystems, the electric field is altered between -0.1 V/Å and 0.1 V/Å [14] . Robust exchange interaction has been demonstrated theoretically where valley splitting is observed upto 70 meV in graphene-Bismuth Ferrite (BFO) heterostructure [17, 18] . Hybrid heterostructures like graphene-yttrium iron garnet (YIG) [19] , graphene-EuO [18] , graphene-hBN [13] have been studied for realizing anomalous Hall Effect [18] and topological phases [13] .
Bringing atomically thin two-dimensional van der Waals materials in close proximity with unique interfacial behaviour is strategically an efficient approach to tailor the functionality of the materials. Graphene is considered as one of the model systems for nanospintronics applications for its suitability in high electron mobility and long spin relaxation length [20] . However, its possibilities are limited in spintronics due to the absence of magnetic ordering and its weak spin-orbit coupling. The limitation in graphene has triggered efforts to extrinsically induce local magnetic moments via various methods like doping or introducing magnetic material [21] , induce defect engineering [22] , or by introducing a magnetic substrate on which graphene layer is stacked [23] . Graphene layer with magnetic substrate is promising but, it has limitations in establishing strong magnetic ordering and intrinsic moment induced from the substrate [7] . These limitations have enabled exploring possibilities on other two-dimensional crystals such as Chromium trihalides with intrinsic magnetic moment and a band gap ranges (1-2.6 eV) [9, 24] . The 2D ferromagnetic semiconductor combined with graphene to form magnetic heterostructure may have superiority in proximity as well as electric field modulations which are generally used as perturbative effect to vary the electronic property of the 2D heterolayer system. van der Waals heterostructures like graphene-EuS [25] , MoS 2 -EuS [26] , graphene on h-BN induced by ferromagnets Co and Ni [27] has been studied for spin-valves and valley-splitting.
In this letter, we opted for an ab initio density functional theory (DFT) study on Graphene-CrBr 3 (Gr-CrBr 3 ) heterostructure. Here, we focus on tuning band arXiv:1907.00866v1 [cond-mat.mes-hall] 1 Jul 2019 gap via applying external electric field keeping the Gr-CrBr 3 bilayer in close vicinity of 3.77Å. Our results reveal that the magnetic moment remains invariant in hetero-bilayer system with the change in electric field. The electric-field modulation of band gap and transmission of spin in Gr-CrBr 3 heterolayer is observed using magnetic proximity effect.
We follow DFT framework via plane wave QUANTUM Espresso codes [28] to perform the simulations using PAW [29] based PBE-GGA method [30] . The Monkhorst and Pack scheme is followed in k-point sampling for Brillouin zone integration [31] at 480 eV energy cut-off. One type of heterostructure considering graphene and chromium tribromide (Graphene/CrBr 3 ) is taken into account. We have considered the calculation without spin-orbit interaction factor in both directions of electric field (+z and -z). One type of heterostructure considering graphene and chromium tribromide (Gr-CrBr 3 ) is taken into account. More details abour the simulation methods is discussed in the supporting information [32] . The interplanar distance between graphene and CrBr 3 sheets is kept fixed at 3.77Å with a strain of 1.8 %.
We have considered density functional calculations with ferromagnetic ground state ordering of the system. The symmetric path of Γ-Z-K-Γ is considered for calculating the electronic band structure of the heterostructure. We have considered two directions of electric field (+Z and -Z). To perform complex band structure and transmission coefficient calculations we have considered PWCOND [33, 34] module of QUANTUM Espresso codes.
The geometry and corresponding interlayer distances are obtained by employing the surface atomic structure optimization via Feynman-Hellman theorem [35] . Computationally, this is realised by the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm.
The supercell structure has been optimized in all directions with force less than 0.01 eV/Å and energy per atom less than 1.0×10 −8 eV respectively. The hetero-bilayer has minimum energy configuration when ferromagnetic ordering is considered.
Therefore, structural optimisation has been done considering ferromagnetic ground state. The atomic configurations with first Brillouin zone are shown in Fig.1 .
The interlayer distance between graphene and CrBr 3 is 3.77Å. The interlayer interaction is considered as van der Waals type.
The Partial density of states provides a description regarding the contribution of atomic orbitals individually in Gr-CrBr 3 heterostructure. It can provide the detail understanding and interprets the electronic structure calculations. Fig. 2 shows the spin-polarized PDOS pattern of the Gr-CrBr 3 heterostructure. In Fig. 2(a) , it is seen that the state of π-bond delocalization and strong hybridization of p-orbitals of carbon atoms are present in heterostructure whereas conduction band is dominated by C-p orbitals with weakly hybridized 
(b) indicates that the conduction band is influenced by
Cr-4d 2 z orbital having intense peak for both spin-up and spin-down states. Hybridization of Cr-d orbitals is more in Gr-CrBr 3 heterostructure. Fig. 2 (c) illustrates the maximum contribution of Br-p orbitals in the conduction band and intense peak of Br-s orbitals is observed for both spin-up and down direction in the valance band. s-orbitals almost have pure element-independent character exhibiting a significant gap from -5 eV to 0.1 eV. The contribution of Br-p orbitals signifies with the intense peak in the conduction band and there is no significant role of s-orbital in the conduction band. Therefore, it can be seen that p-and d-orbitals are taking active participation in the bonding of Gr-CrBr 3 heterostructure. The two orbitals p-and d-get tuned when they come in close proximity. The spin-polarization effect (P) is explained by P = |
and N ↓ (E F ) are the majority and minority spin channel at the Fermi level, respectively. The percentage of spin-polarization is obtained from orbital resolved PDOS calculation for Gr-CrBr 3 found to be 1.5 %, 71.2 % and 0.8 % for carbon, chromium and bromine respectively. It is obvious that the spin-polarization percentage for chromium will be significantly more than carbon and bromine due to the presence of inherent magnetic property in chromium. Fig. 2(d) describes the charge density profile of Gr-CrBr 3 heterostructure. As we know, that the monolayer of CrBr 3 has a semiconducting nature with a finite band gap while the pristine monolayer graphene is a semimetal with a zero gap. Hence, the heterostructure system has a distinctive semimetal-semiconductor associated characteristic. There is no adequate transfer of charge due to the van der Waal nature of interaction between two layers, but distribution of charge on the surface of Gr-CrBr 3 heterolayer is found. The robustness of proximity effect is mostly dependent on the hybridization at the interface. The blue regions show localization of electrons in the core. Moreover, the contribution of p, d-orbitals for carbon and chromium also signifies from the PDOS where carbon p and chromium d-orbitals are more intense than the bromine p-orbitals also describes the delocalization of electrons identified from green and yellow region. We have also plotted the charge density contour plot where the contour line shows the electron localization and delocalization in Gr-CrBr 3 heterostructure [32] . Also, with the variation in electric field PDOS and charge density plot remains unchanged due to the presence of vdW interaction in the heterolayer system. We further analyse the electronic band structure of Gr-CrBr 3 heterostructure. The bandgap value for Gr-CrBr 3 bilayer is found to be 1.16 eV, i.e.,semiconducting nature of the heterostructure is clearly evident from Fig. 3 . The band structure of the heterostructure is found to be direct in nature. The magnetic ordering in the heterostructure is found to be ferromagnetic in ground state with magnetic moment 3.66µ B /cell. This is precisely because of the presence of magnetic Chromium ion. Inclusion of pristine graphene layer exerts a staggered potential on CrBr 3 sheet due to which the band gap decreases upto 1.16 eV which is less than that of the reported monolayer CrX 3 systems [9, 24] and exhibits ferromagnetism in the heterolayer system. The SOC effect have been not incorporated in electronic band structure calculation as in case of CrX 3 materials the atomic number of halides (X) increases from Chlorine to Iodine. Therefore, the incorporation of SOC effect will be negligible in CrBr 3 , unlike CrI 3 and no changes will occur in the band structure [9, 16] . Electric field has been applied to the hetero-system in both positive and negative direction of Z-axis (i.e. from bottom to top and vice versa) while, the magnetic ordering is imposed along x-axis following the ferromagnetic ordering. In the simulation cell, a saw-like potential simulating an electric field is added to the bare ionic potential as implemented in the steps of the simulation methodology. The field variation is considered in V/Å unit along the specified direction (shown in the Fig 4  (c and d) ). In this case of calculation, application of the perpendicular external electric field, which causes a redistribution of charges, is not likely to lead any structural changes in the surface atoms of the heterolayer system as previously observed in silicene based hetero layers [36] . In Fig. 4 (e) , we proposed a single gate FET device model for Gr-CrBr 3 heterostructure. Gr-CrBr 3 is sandwiched between two electrodes (source and drain) in the central region. The gate is placed above the central region, so that the flow of electrons is possible through the channel from source to drain when applying external electric field. It is marked that there is a fluctuation in the band gap following closing and opening behaviour with respect to change in applied field in positive biasing direction between 0 to 0.5 V/Å (Fig. 5 ). Thus, distinct nonlinearity is marked in this biasing leading to interlayer polarization effect. Similarly, a decreasing trend (i.e. band closing) is observed while increasing the field in reverse direction from 0 to -0.5 V/Å, indicating attractive force due to the interlayer polarization. Thus, a mixed (i.e. linear and nonlinear) nature is marked in bilayer case for band opening or closing due to the interlayer polarization. The modulation in band gap energy has been plotted against applied field in both directions to have a comparative understanding. In the heterostructure, it is observed that non-linearity is present in both positive and reverse biasing enhancing the nonlinearity factor. As a result, the edge polarization is effective to form collective interlayer polarization. Similar trend is observed in Fermi energy level with respect to both the cases of biasing ( Fig. 5 (b) ). The modulation of band gap for heterolayers and monolayers are shown respectively with varying electric field in forward and reverse bias [32] . As the magnetic moment remains invariant with the change in electric field so, further inclusion of external electric field is not relevant for spin transmission phenomena in Gr-CrBr 3 heterolayer. So, in this case, magnetic proximity effect plays an important role in understanding spin transport behaviour in the interface of Gr-CrBr 3 heterostructure without any external perturbation.
Complex band structure, to be precise is a generalized form of conventional band structure along with the inclusion of complex band describing wave vectors with complex components [37] . The complex band structure represents both propagating states as well as the evanescent states which explain the growth or decay from one-unit cell to another [38] . Fig. 6 (a) shows the complex band structure for Gr-CrBr 3 heterostructure. The imaginary κ component indicates the presence of evanescent states whereas general electronic band structure has only the real k components. To consider the transport property, it is necessary to understand the contribution of imaginary part alongside the real part from which the growth or decay of electron with energies at the Fermi level can impinge on the interface of CrBr 3 ferromagnetic insulator. Therefore, the evanescent states with energy E F and real k-components are allowed in complex band structure of Gr-CrBr 3 heterolayer. The imaginary bands describe the decay parameter κ from top of the valence band to the bottom of the conduction band with an exponential decrease of the wave function. The decay parameter κ is one of the key parameters to determine the transport problem. In particular, the determination of κ-value (decay parameter) should be smallest near the E F , Fermi level. Thereafter, the state exhibiting smallest decay parameter persists and contributes in transmission of electrons connecting the valence band maximum to the conduction band minimum (green dotted line as shown in Fig. 6  (a) ). The obtained κ-value for Gr-CrBr 3 heterostructure is 0.8 eV is smaller than one. Fig. 6(b) represents the calculated transmission coefficient versus Fermi energy curve for Gr-CrBr 3 heterolayer. To understand the spin transport behaviour at the interface of the pristine heterolayer without any electrodes we have not considered any leads in it. Without considering any leads, significant transmission from valence band to conduction band have been observed in the pristine heterolayer. Broad peak near ∼4 the transmission coefficient have been observed in the conduction band in energy window of (7.2-8.8 eV) which is due to the presence of strongly hybridized carbon π states exhibiting from graphene (shown in Fig. 2(a) ). As the carbon π orbital is close enough to CrBr 3 monolayer, we get the transmission coefficient T(E)>2. A gap around 1.1 eV (red dotted box) near the Fermi level has been observed which also signifies from the electronic band structure (shown in Fig. 3 ). Moreover, zero transmission coefficients have been noticed in certain energy windows (2.09-3.3 eV, 4.3-5.1 eV and 6.9-7.2 eV) which are due to no coupling effect with the leads. Though the energy of electrons between p and d-orbitals are same, but there might be blockade of spins due to the absence of leads. Because of that sudden drop in T(E) can be seen in few energy intervals. However, the electric field band modulation and incorporation of magnetic proximity effect for transmission phenomena in Gr-CrBr 3 can lead to its suitability in modelling single gate field effect transistor device as shown in Fig. 4 (e) . Spins generated from source to drain through the channel of heterolayer will be controlled by external electric field (gating) so the scattering of spins can transmit easily through the channel. Therefore, electric field controlling is necessary so that the spin generation from source to drain does not occur abruptly which may damage the device.
To summarize, we investigated the introduction of magnetic proximity effect and electric-field control of electronic band topology on Gr-CrBr 3 heterostructure under the framework of ab initio DFT calculations. We find the heterostructure to be semiconducting with band gap 1.16 eV and ferromagnetic in ground state with magnetic moment 3.66µ B /cell. Keeping the Gr-CrBr 3 heterostructure in close vicinity the modulation of band gap is observed by applying external electric field in forward as well as reverse bias i.e. in a range from -0.5 V/Å to 0.5 V/Å. With the variation of external electric field the modulation of band gap occurs and changes around 80 meV. In Gr-CrBr 3 system, the transmission of spin is polarized upto 71.2 % and modulation of band gap marked linear as well non-linear trend due to interlayer spin polarization between graphene and CrBr 3 monolayers and also, the magnetic moment remains invariant in Gr-CrBr 3 heterolayer. Moreover, the complex band structure is realized where the decay parameter is found to be 0.8 which is less than 1 and provides opportunity in transmission. Therefore, the transmission of spin is realized via transmission spectrum in Gr-CrBr 3 heterolayer with T(E)>2 in the conduction band region which is due to the presence of p-and d-orbitals which are close enough via magnetic proximity effect. Both the effects, electric-field modulated band gap and transmission using magnetic proximity effect is applicable for modelling single gate field-effect transistors using Gr-CrBr 3 heterolayer
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